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Theory vision circa 2022
✓ What is the origin of mass?
What kind of unification may exist?
What is the origin of flavor?
Is there a deeper reason for gauge symmetry?
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Theory vision circa 2022
✓ What is the origin of mass?
What kind of unification may exist?
What is the origin of flavor?
Is there a deeper reason for gauge symmetry?
+ What is the nature of dark matter?
+ What is the nature of the neutrino sector?

A Higgs! Yet:
Is it the SM Higgs?
Is it the only one? 
Why is there EWSB?

What sets the scale?
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The path to shorter distances
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Conventionally: pursue these questions by 
probing shorter distances with either 

precision (indirect) or energy (direct). 

Muon colliders blur this dichotomy.

[Ankenbrandt et al. arXiv:physics/9901022]

• Colliding elementary particles leverages 
the full energy of the accelerator, with a 
(relatively) clean environment. 

• Larger mass of the muon allows a 
smaller footprint & higher energies 
compared to e+e- counterparts. 

• Major challenges: finite lifetime, cooling



The Quantum Muon
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[Han, Ma, Xie, 2007.14300]

x ⇠ 1

<latexit sha1_base64="pzbvKO4BwlR39WnOAx36G51P2do=">AAAB73icdVBNS8NAEJ34WetX1aOXxSJ4Com2tr0VvXisYD+gDWWz3bRLd5O4uxFL6J/w4kERr/4db/4bt2kFFX0w8Hhvhpl5fsyZ0o7zYS0tr6yurec28ptb2zu7hb39looSSWiTRDySHR8ryllIm5ppTjuxpFj4nLb98eXMb99RqVgU3uhJTD2BhyELGMHaSJ171FNMILdfKDp2rVqqVB2Ukdp5eU4qZ2Xk2k6GIizQ6Bfee4OIJIKGmnCsVNd1Yu2lWGpGOJ3me4miMSZjPKRdQ0MsqPLS7N4pOjbKAAWRNBVqlKnfJ1IslJoI33QKrEfqtzcT//K6iQ6qXsrCONE0JPNFQcKRjtDseTRgkhLNJ4ZgIpm5FZERlphoE1HehPD1KfqftE5tt2SXr0vF+sUijhwcwhGcgAsVqMMVNKAJBDg8wBM8W7fWo/Vivc5bl6zFzAH8gPX2CcJpj9E=</latexit>

x ⌧ 1
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Muon annihilation 
deploys the entire 

energy of the collider 

Vector boson fusion 
leverages the muon’s 
virtual boson content



Muon annihilation & pp equivalents
2-to-1 production 2-to-2 production

(Bands are NNPDF3.0 LO vs. CT18NNLO) 

Comparison favorable to MC in that  for 2-to-1 and  for 2-to-2̂s = sμ = M2 ̂s = sμ = 4M2

In the spirit of [Delahaye et al. 1901.06150, Costantini et al. 2005.10289] 

[ SG]μ [ SG]μ
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VBF: Cs as Vector Factoriesμ
[Han, Ma, Xie, 2007.14300]
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[Han, Ma, Xie, 2007.14300]

Longitudinal polarizations play a key role, 
making an extraordinary laboratory for EWSB

VBF dominates well above threshold 
due to logarithmic growth with ECM

c.f. [Costantini et al. 2005.10289] 



What is the origin of mass?
[ SG]μ
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A Higgs! Yet:
Is it the SM Higgs?
Is it the only one? 
Why is there EWSB?

What sets the scale?

The Higgs itself is key. 

Any deviation in its 
properties from SM 

predictions is a telltale 
sign of new physics. 

S/B favorable at a C.μ

�bkg = �(µ+µ� ! W/Z/�/h+X)

<latexit sha1_base64="wggTShAWgY1nFGX5y0EmwR3jMDM="></latexit>

�bkg = �(pp ! bb̄)

<latexit sha1_base64="k9kYvkjndCdPGMq0Qdd03xo32Cs="></latexit>



Is it the SM Higgs?
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Courtesy P. Meade, from [Forslund & Meade, to appear] and [de Blas, Gu, Liu, to appear]



Is it the SM Higgs?
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[Han, Liu, Low, Wang 2008.12204]
Higgs cubic self-coupling

Higgs quartic self-coupling

[Chiesa, Maltoni, Mantani, Mele, Piccinini, Zhao 2003.13628]

[Buttazzo, Franceschini, 
W

ulzer, 2012.11555]



[ SG]μ

Is it the SM Higgs?
For example: measuring Higgs-top coupling in high-energy   

Expect to remain an interesting target after HL-LHC/Higgs factory ( )  
tt̄

|δBSM | < 0.06

yt ! yt(1 + �BSM)

<latexit sha1_base64="MLBv4Sn6W7WW33pRZWSpjgpXR00="></latexit>

M(W+
L W�

L ! tt̄) ⇡ �mt

v2
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ŝ

p
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<latexit sha1_base64="dvH4hF+ocbB0YII27YCq6JmwBAQ="></latexit>

11

High-energy measurements equally powerful [Buttazzo, Franceschini, Wulzer, 2012.11555]



Is our Higgs the only one?

�� = sin2 � · �h(m�)

<latexit sha1_base64="Tqluxerracc1EYwQ72oRNf5Zmsc="></latexit>

BR�!ff̄,V V = BRh!ff̄,V V (1� BR�!hh)

<latexit sha1_base64="+IVKjct3LR8CQZMntmWWOJSm6S4="></latexit>

[Buttazzo, Redigolo, Sala, Tesi, 1807.04743; updated for SG] μ

BR�!hh ⇠ 25%

<latexit sha1_base64="d6adLiGYQVBQFQ/wQLbOe1hY8qQ="></latexit>
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Many possible extensions of the 
scalar sector… 

For illustration: a Standard Model 
singlet mixing with the Higgs.

h = h0 cos � + S sin �

<latexit sha1_base64="SzgSWPjJ8xaPnxYY42ND9WMpmDU=">AAACDHicdVDLSgMxFM34rPVVdenmYhEEoUy1te1CKLpxWdE+oFNLJk07oUlmSDJCKf0AN/6KGxeKuPUD3Pk3pg9BRQ8ETs45l+QeP+JMG9f9cObmFxaXlhMrydW19Y3N1NZ2TYexIrRKQh6qho815UzSqmGG00akKBY+p3W/fz7267dUaRbKazOIaEvgnmRdRrCxUjuVDuAUghsXPBJq8HpYCAyHcAWeZnJ2tyk3UyrmCkUXJqR0kp+SwnEeshl3gjSaodJOvXudkMSCSkM41rqZdSPTGmJlGOF0lPRiTSNM+rhHm5ZKLKhuDSfLjGDfKh3ohsoeaWCifp8YYqH1QPg2KbAJ9G9vLP7lNWPTLbaGTEaxoZJMH+rGHEwI42agwxQlhg8swUQx+1cgAVaYGNtf0pbwtSn8T2pHmWwuk7/MpctnszoSaBftoQOURQVURheogqqIoDv0gJ7Qs3PvPDovzus0OufMZnbQDzhvn8kMmaA=</latexit>

� = S cos � � h0 sin �

<latexit sha1_base64="EEktEElYT/JcsVS6bSx6zPN9z9g="></latexit>

Production:

Decay:

Focus on 
this line



Why EWSB? What sets the scale?
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µ+µ� ! t̃Rt̃R ! tt̄+ ��

<latexit sha1_base64="0BhNpnxFuCQZXNhjwDYdbUz9QkY="></latexit>
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<latexit sha1_base64="LO1PdEg+rLt+1ildr6s7DOnFX2g="></latexit>

Supersymmetry

[Buttazzo, Franceschini, W
ulzer 2012.11555]
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Theories that predict the Higgs mass provide sharp targets for the scale of new physics.

Why EWSB? What sets the scale?

Direct targets set by the 
observed Higgs mass 
(e.g. supersymmetry)

Correlated opportunities in minimal frameworks

[Pardo Vega & Villadoro, 1504.05200 ]

3 TeV

6 TeV

10 TeV
14 TeV

30 TeV

Minimal Gauge Mediation

3
6

10

14

30

https://arxiv.org/abs/1504.05200


Unification beyond the Standard Model?
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Running of couplings in the Standard Model 
tantalizingly hints at unification, but the 

intersection is imperfect & scale too low.

New particles at TeV energies sharpen the 
prediction & raise the scale: clear targets for a 
high-energy muon collider, reach to ~ . s /2

[Giudice et al 1204.5465]



What is the origin of flavor?
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Muon colliders an outstanding probe of explanations for B flavor anomalies  
[Huang, Queiroz, Rodejohann, 2101.04956; Huang, Sana, Queiroz, Rodejohann, 

2103.01617, Asadi, Capdevilla, Cesarotti, Homiller 2104.05720]

First high-energy accelerator to primarily 
collide second-generation fermions. 

High collision energies provide: 
 

Direct access to hypothetical new 
particles associated with flavor structure 

Indirect access to flavor structure via 
lepton flavor violating operators

[ SG]μ

From 
 

at muon 
colliders, 
3 TeV ~ 
Belle-II

μμ → μτ}



Is there a deeper reason for gauge symmetry?
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We increasingly assume, but do not know, that h is* part of an electroweak 
doublet H, i.e. that SU(2)LxU(1)Y is linearly realized by the known fields. 

*“is” = low-energy theory suitably well behaved when h packaged into H

Equivalently: is the appropriate EFT 
  

SMEFT: SU(2)LxU(1)Y, H 
   

or 
     

HEFT: U(1)em, h &  ⃗π

Easy to obtain U(1)em-symmetric EFT from SU(2)LxU(1)Y-symmetric UV theories.  
Showing that the linearly realized gauge symmetry of known particles is SU(2)LxU(1)Y  ruling out 

the coset “HEFT/SMEFT”, which necessarily violates unitarity by  a la [Lee, Quigg, Thacker ’77]
↔

4πv

SM
SMEFT

HEFT
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�̃4 ⌘ �4 � 6�3

<latexit sha1_base64="tfSSBvXVlzg+uvUSvk7oM+aaodY=">AAACFnicdVDJSgNBEO2JW4xb1KOXxiB4MUzMfgt68RjBqJAJoaenok16FrtrAmHIV3jxV7x4UMSrePNv7Gygog8aXr1XRXU9N5JCo21/WqmFxaXllfRqZm19Y3Mru71zqcNYcWjxUIbq2mUapAighQIlXEcKmO9KuHL7p2P/agBKizC4wGEEHZ/dBKInOEMjdbNHDgrpQeJ4IJGNuiXqwF0sBnQqmPqIVuZFsZvN2fl6rVSt2XRC6pXylFSLZVrI2xPkyAzNbvbD8UIe+xAgl0zrdsGOsJMwhYJLGGWcWEPEeJ/dQNvQgPmgO8nkrBE9MIpHe6EyL0A6Ub9PJMzXeui7ptNneKt/e2PxL68dY6/WSUQQxQgBny7qxZJiSMcZUU8o4CiHhjCuhPkr5bdMMY4myYwJYX4p/Z9cHucLpXz5vJRrnMziSJM9sk8OSYFUSYOckSZpEU7uySN5Ji/Wg/VkvVpv09aUNZvZJT9gvX8BKSievw==</latexit>

Decisive test:

Measuring 2-to-2 scattering at 
high energy not optimal [Chang, 

Luty ’19; Falkowski, Rattazzi ’19]. 

Instead: measure comprehensive 
set of 2-to-2 and 2-to-few 

processes w/ longitudinal vectors 
& Higgs bosons at partonic 

energies above 3 TeV. 4πv ∼

• Beyond reach of the HL-LHC. 

• Ideal for multi-TeV C.μ

Not comprehensively studied yet, but relevant 
results encouraging, e.g. [Chiesa, Maltoni, 

Mantani, Mele, Piccinini, Zhao 2003.13628]  

Deviation from 
SMEFT correlation 
between Higgs cubic 

and quartic

Is there a deeper reason for gauge symmetry?



What is the nature of dark matter?
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[Han, Liu, Wang, Wang, 2009.11287, lumi updated for SG] 
 see also [Capdevilla, Meloni, Simoniello, Zurita  2102.11292]

μ

Powerful prospects for a C in final states with missing energy:  
large electroweak production rates, low backgrounds compared to hadron colliders

μ

“Minimal dark matter” 
(Electroweak multiplets 

with neutral lightest 
particle, abundance set 

by SM interactions)

Target set by DM 
abundance (WIMP miracle)

Photon + missing 
momentum search

Disappearing track 
search



What is the nature of the neutrino sector?
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• Muon storage ring-
based neutrino 
factory synergistic 
w/ development of 
high-energy muon 
beams. 

• Physics 
opportunities in 
neutrino radiation, 
mu-nu collisions, or 
nu-nu collisions at 
high-energy muon 
collider itself?       
[de Gouvêa, Muon 
Collider Forum 
09/21/21]

[Delahaye et al. 1803.07431]



Compelling complementarity

Any new physics contributions to Muon g-2 
efficiently probed at muon colliders 
[Capdevilla, Curtin, Kahn, Krnjaic, 
2006.16277; Buttazzo & Paradisi, 

2012.02769; Capdevilla, Curtin, Kahn, 
Krnjaic, 2101.10334; Chen, Wang, Yao 

2102.05619; Yin, Yamaguchi 2012.03928]

E.g. next-gen. electron 
EDM experiments 

sensitive to ~20 TeV 
particles in Barr-Zee 

diagrams; same diagram 
probed in muon colliders

21
[Buttazzo & Paradisi, 2012.02769]



Theory vision circa 2022
✓ What is the origin of mass?
✓ What kind of unification may exist?
✓ What is the origin of flavor?
✓ Is there a deeper reason for gauge symmetry?
✓ What is the nature of dark matter?
✓ What is the nature of the neutrino sector?

A Higgs! Yet:
✓ Is it the SM Higgs?
✓ Is it the only one? 
✓ Why is there EWSB?
✓ What sets the scale?
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The muons are calling, and we must go.

Thank you!


